Abstract. Juvenile cannibalism may play an important role in population regulation of marine organisms with juvenile stages that aggregate in nursery habitats. I conducted a series of field and laboratory experiments to assess whether three potential density-dependent mechanisms could regulate local recruitment of juvenile shore crabs Carcinus maenas in Swedish nursery areas: (1) intracohort cannibalism, (2) juvenile cannibals' functional response to smaller conspecific prey densities, and (3) juvenile cannibals' numerical effect on prey survival.
INTRODUCTION
Cannibalism is of particular interest to ecologists because of its potential importance in population regulation, but little is known regarding its significance as a density-dependent mechanism, and whether cannibalism generally stabilizes or destabilizes population dynamics (Polis 1981 , Leonardsson 1991 , Hopper et al. 1996 . This lack of understanding is in part caused by the underrepresentation of cannibalistic studies in ecological literature (Fox 1975 , Polis 1981 , Elgar and Crespi 1992 , but is also due to the inherent complexity 1 Present address: Department of Marine Ecology, Gö teborg University, Box 461, SE-405 30 Gö teborg, Sweden. E-mail: p.moksnes@kmf.gu.se underlying cannibalistic dynamics (Crowley and Hopper 1994) . For example, the dynamics of cannibalistic populations can be strongly influenced by densities of alternative prey species (Polis 1981 , Orr et al. 1990 , Leonardsson 1991 , Crowley and Hopper 1994 , the size structure in the population (Cushing 1992 , Fagan and Odell 1996 , Hopper et al. 1996 , Dong and DeAngelis 1998 , and by changes in the behavior of the cannibal and the conspecific prey generating size-and densityspecific growth, mortality, and distribution (van Buskirk 1989 , Leonardsson 1991 , Crowley and Hopper 1994 . The stabilizing effect of cannibalism on population dynamics may be particularly dependent on the functional response of the cannibals to conspecific prey densities (van Buskirk 1989) , which may be qualitatively changed by both the heterogeneity of the habitat, and by density-dependent interactions between cannibals (Moksnes et al. 1997) . However, there is a general lack of studies assessing the behavioral response of cannibals in natural habitats (but see Dittel et al. 1995 , Moksnes et al. 1997 , Fernández 1999 and, especially, the effect of different functional responses on cannibalistic dynamics.
Our understanding of complex cannibal-prey dynamics may improve by separating different cannibalistic interactions that have distinct effects on population dynamics. Cannibalism can regulate a population through three different density-dependent mechanisms. First, cannibalism between individuals of similar size from the same cohort will result in a fundamental direct density-dependence if cannibalism is correlated with encounter rate, since encounter probability is expected to increase with population density (Ricker 1954 , Polis 1981 . This intracohort cannibalism is also expected to be strongly density dependent at high densities because no ''predator'' satiation can occur (Polis 1981) . However, the resulting mortality may be low, particularly if growth rates are similar in the cohort, since a relative size difference often is required for high cannibalistic rates (Fox 1975) . Second, if different cohorts or year classes share the same habitat, larger cannibals may increase their per capita predation rates in response to higher densities of smaller conspecifics, equivalent to a type III (sigmoid) predator functional response to heterospecific prey densities (Holling 1959) , thereby resulting in density-dependent cannibalism. Third, larger cannibals can also have a numerical effect on conspecific prey, creating a negative correlation between the abundance of older cohorts or year classes and the survival of new recruits. The numerical response will occur if overall predation pressure increases with densities of larger cannibals, but this can not be automatically assumed since mutual interference between cannibals may lower the per capita predation rates (Moksnes et al. 1997 , Fernández 1999 . The first two regulatory mechanisms operate on a small temporal scale (days to weeks) and cause density-dependent mortality with minimal time lags that should stabilize the population dynamics. In contrast, the latter works on a longer time scale (months to years) and could repress or even eliminate prey cohorts or year classes (see Polis [1981] for review), resulting in overcompensation (i.e., overconvergence; high densities yield fewer survivors than do low densities) causing cyclic fluctuations in the population dynamics when operating between year classes (Orr et al. 1990) . It is therefore important to identify the specific cannibalistic mechanism operating in a population to understand and predict the population dynamics.
Most of our understanding concerning cannibalistic dynamics comes from studies of organisms in terrestrial systems and in confined aquatic areas such as ponds or lakes (see Polis [1981] for review). The impact of cannibalism has been less studied on the dynamics of open populations (i.e., those, such as marine fish and invertebrates with pelagic larvae, whose local reproduction is uncoupled from local larval supply and recruitment). Although the dispersal of propagules in these organisms may appear to decrease the potential for cannibalism, most marine larvae display specific behaviors during the planktonic phase and at settlement, resulting in a concentration of young juveniles in specific habitats that provide shelter from predation (see Meadows and Campbell [1972] , Shanks [1995] , Hunt and Scheibling [1997] for reviews). In species whose larval settlement is concentrated to a limited period of the year, the combined effect of habitat selection by larvae and juveniles, and increased survival in nursery habitats, may result in very high densities of juveniles of different size classes within a restricted area, creating favorable conditions for cannibalistic interactions. Juvenile cannibalism may therefore represent an important density-dependent mechanism in postsettlement regulation of marine organisms with shelter-dependent juvenile stages. Even though cannibalism has long been suggested to affect population fluctuations in commercial fish (Ricker 1954 , Fromentin et al. 1997 see Smith and Reay [1991] for review) and crabs (Botsford and Wickham 1978, Lovrich et al. 1995) , little data exist that demonstrates density-dependent cannibalism in marine organisms with open populations (but see Perkins-Visser et al. 1996 , Moksnes et al. 1997 , Fernández and Castilla 2000 .
In this study, I conducted field and laboratory experiments to assess if three different cannibalistic mechanisms, (1) intracohort cannibalism, (2) juvenile cannibals' functional response, and (3) juvenile cannibals' numerical effect on prey survival, could result in density-dependent mortality in juvenile shore crabs Carcinus maenas and regulate local recruitment in Swedish nursery areas.
METHODS

Study system
The shore crab (Arthropoda: Crustacea: Portunidae) is an epibenthic omnivore that is widely distributed on both hard and soft intertidal and shallow subtidal habitats. It is native to Europe, but is also found in the Northwestern Atlantic, and has recently been invading the Northeast Pacific, South Australia, and South Africa (see Yamada [2001] for review). It has a complex life cycle with four pelagic zoea stages and a megalopal (postlarval) stage that settles and metamorphoses into the first benthic crab stage.
In western Sweden, megalopal settlement occurs during July-September (Moksnes 1999) when high densities of young juveniles are found in shallow softsediment bays (Pihl 1986 ). Both megalopae and young juvenile crabs actively select structurally complex habitats for shelter (Hedvall et al. 1998 , Moksnes 2002 , and juveniles are concentrated at high densities (up to 500 crabs/m 2 ) primarily in blue mussel beds (Mytilus edulis L.), and also in eelgrass beds (Zostera marina SELF-REGULATION IN SHORE CRABS L.) and macroalgae (Moksnes 2002) . Juveniles inhabit these shallow nursery areas until they attain maturity during their second summer when they disperse to deeper habitats (Pihl and Rosenberg 1982) . Juvenile shore crabs are cannibalistic and readily consume a smaller conspecific when a critical relative size difference is present, even when alternative food sources are abundant . The coexistence of several cohorts of 0-and 1-group juveniles (1-20 mm spine-to-spine carapace width, CW) in the same habitats are conducive to cannibalistic interactions. Juvenile cannibals (6-7 mm CW) in mesocosm experiments caused higher mortality (15-20%/d) on conspecific postlarvae settling in mussel habitats than did other investigated predators, suggesting that cannibalism is a major source of mortality for new recruits . The cannibalistic interactions primarily affect the smallest crabs, and juveniles Ͼ5 mm CW obtain a partial size refuge from cannibalism since larger crabs are less cannibalistic and mainly forage in deeper habitats. Cannibalism between similarly sized crabs is low and appears to occur only during molt . Negative correlation between 1-and 0-group shore crabs has led to suggestions that local populations could be regulated through interyear class interactions (Pihl and Rosenberg 1982) , but little is known whether cannibalism between juveniles is density dependent and large enough to alter settlement patterns.
Experiment 1: density-dependent intercohort cannibalism
To study the effects of variable densities of conspecific prey and cannibals on cannibalistic rates and proportional prey mortality, a laboratory experiment was performed in September 1997 at Kristineberg Marine Research Station on the Swedish west coast. The experiment assessed the functional response (prey consumption per predator as a function of prey density) of sixth-to seventh-instar shore crab cannibals (6.0-10.0 mm CW) to five densities (2, 6, 18, 54, and 162 crabs/ tank; equivalent to 11-852 crabs/m 2 ) of first-instar shore crabs (1.5 mm CW) in 24-h trials (n ϭ 5). The first-instar prey densities were selected to represent natural low to high settlement densities in mussel habitats (see Results). Experimental animals were collected in shallow nursery areas, and predatory crabs were kept in the laboratory while being fed blue mussel for Ն7 d before being used. Control trials were run with the same prey densities, but without cannibals. To avoid including intracohort cannibalism in the analysis of the predator's functional response, the mean number of first-instar crabs missing in each control treatment density was subtracted from the mortality found in corresponding predator treatment density, before statistical analyses were performed. Ten cylindrical flowthrough (3 L/min) mesocosm tanks (0.19 m 2 ; 80 L) provided with 3 cm depth of sieved (Ͻ750 m) dry beach sand and filtered (Ͻ750 m) surface water from a nearby bay were used in the experiment. To provide a natural habitat, each tank was given 30 live blue mussels (70-80 mm in length). Two cannibals per tank were allowed to adapt in the mesocosms 12 h (overnight) before prey was added, which denoted the beginning of a trial. As alternative food, 18 frozen mysid shrimp were added in all treatments 30 min before the live first-instar prey crabs were introduced. Pilot studies demonstrated that crab predators showed similar preference for these two prey sources and could consume up to 9 and 18 prey·d Ϫ1 ·predator Ϫ1 of each, when the prey was offered together and separately, respectively. Upon termination of each trial, the contents of each tank were sieved through 750-m mesh (see Moksnes et al. [1998] for recovery methods), and all remaining animals were enumerated and measured. Losses due to handling are very low (0-3%) using the recovery technique , and all losses of crabs in the experiments were treated as mortality.
The Hassel [1978] ) was differentiated using two methods. First, the proportion of first-instar prey consumed (number missing/total number) at each prey density was tested in a one-factor ANOVA model using prey density as the independent variable. At low prey densities, the three types of functional response curves differ significantly when analyzed as proportional consumption rates (Lipcius and Hines 1986) . Second, the data were used to calculate the model parameters of a general functional response model (Real 1979) :
where N a represents number of prey eaten, K is the maximum feeding rate (saturation), N t is the initial prey density, and C is the density of prey at which N a ϭ 0.5K. The ␤-value is associated with the form of the functional response curve. When ␤ ϭ 1, the curve is type II; when ␤ Ͼ 1, the curve is type III (Real 1979, Lipcius and Hines 1986) .
To assess the effect of cannibal densities on consumption rates and prey mortality, two additional treatments were included using 6 and 18 cannibals and 54 first-instar prey per tank, which were analyzed together with the two-cannibals, 54-prey treatment. The chosen cannibal densities (equivalent to ϳ11-95 cannibals/m 2 ) represent natural early summer (low) to late fall (high) densities of juvenile cannibalistic crabs (4-20 mm CW ]) in mussel beds (Moksnes 2002) . All seven treatments were assessed together in random order and replicated over time (n ϭ 5). The effects of predator density on consumption rate per predator, and on prey mortality, were tested in two one-factor AN-OVA models using the number of first-instar prey consumed per predator (log-transformed to homogenize variance), along with proportional prey mortality as dependent variables, and predator density (2, 6, and 18) as the independent variable. All data were tested for homoscedasticity with Cochran's C test (Sokal and Rohlf 1995) and transformed only if found heteroscedastic before the ANOVA was performed. A posteriori multiple comparison tests were carried out with the Student-Newman-Keuls (SNK) procedure.
Experiment 2: density-dependent intracohort cannibalism
To assess if cannibalism within cohorts of juvenile crabs could result in density-dependent mortality, a 30-day laboratory experiment was performed in August 1998. The experiment was performed in the 80-L cylindrical flow-through mesocosm tanks described in experiment 1. Each tank was provided with sand and 20 blue mussel shell halves. Three densities of first-instar crabs were assessed (10, 40, and 160 crabs/tank, equivalent to 53-842 crabs/m 2 ), which were randomly allocated to 12 tanks (n ϭ 4). To ensure that starvation did not affect the cannibalistic results, frozen Artemia nauplii (first 10 d only), mysid shrimp, and blue mussel mantle were provided as food in surplus daily. Higher levels of food were provided to tanks with higher densities of crabs, adjusting the levels so that some food always remained uneaten. Excess food was carefully siphoned out of the tanks daily. After 30 days, all tanks were emptied using the same technique as in experiment 1, and all remaining crabs were enumerated and measured. Proportional mortality and proportional appendage loss were used as dependent variables in two separate one-factor ANOVA models, with density (10, 40, and 160 crabs/tank) as the independent variable. Water temperature and salinity varied between 14.5ЊC and 17.9ЊC, and 21 and 32 PSU, respectively.
Experiment 3: cage experiment to assess juvenile recruitment and density-dependent cannibalism
To assess the effect of juvenile cannibalism on temporal recruitment patterns of young juvenile shore crabs, a cage experiment was carried out in August and September 1996 in two small (1.5-2.4 ha), semiexposed, soft-sediment bays, Bö kevik and Torserö d, in the Gullmarsfjord on the Swedish west coast (58Њ15Ј N, 11Њ27Ј E; see Moksnes [2002] for details of the bays). Early recruitment patterns were analyzed in natural habitat plots where densities of shore crab settlers (megalopae and metamorphosed first-instar crabs) were measured after 3 days of settlement. To isolate the effect of cannibalism on the mortality of settlers, natural habitats were enclosed with 2-mm mesh cages that allowed settling megalopae to enter, but stopped potential predators. Three types of cage treatments (predatorexclusion cage, cannibal-inclusion cage, and open plots without cages) and two microhabitats (blue mussels and open sand) were used (n ϭ 2). To assess the effects of variable densities of settlers and cannibals, the experimental setup was repeated in six trials, three times in each of the two bays. The cages (1.0 ϫ 0.5 ϫ 0.75 m; length ϫ width ϫ height) were placed on open sand bottom and dug into the sediment. Potential cage artifacts from these cages affecting the behavior of shore crab settlers have been assessed in separate field and laboratory flume experiments. Megalopal settlement on floating artificial settlement collectors placed inside and outside these cages were similar (Moksnes and Wennhage 2001) , and the attraction effect of the cage walls on shore crab settlers was small (Ͻ27%; Moksnes 2002) , indicating that cage artifacts should not seriously affect the comparison between caged and uncaged habitats. The mussel treatment consisted of 50-60 live adult blue mussels, which were cleaned of epibenthos and placed in the center of each cage creating a circular patch of ϳ0.14 m 2 . Six juvenile shore crab cannibals (5-10 mm CW) were used in the inclusion cage (equivalent to 12 crabs/m 2 ). At the start of an experimental trial, cages were emptied of animals, and treatments were randomly allocated to the plots. After ϳ72 h, the 0.14-m 2 plots with or without cages were collected using suction sampling techniques (cf. Orth and van Montfrans 1987) , and all epibenthos were enumerated and measured in the laboratory (for further details regarding the cages and sampling techniques, see Moksnes [2002] ). Only megalopae and first-instar crabs were included as settlers in the analyses since a megalopa can not molt into a second-instar crab over a 3-day period (Mohamedeen and Hartnoll 1989) .
To get relative estimates of megalopal supply to the experimental plots, three replicate artificial settlement collectors were fished next to the experiments, concurrently with each cage trial. The collectors consisted of air-conditioner filter material wrapped around a PVC pipe; these were immersed for 24 h at the time and collected in the afternoon-evening to minimize the effect of megalopal emigration from the collectors that occurs mainly after sunset (Moksnes et al. 2003 ; see Moksnes and Wennhage [2001] for details on the method). Recent evaluation of this technique for shore crabs demonstrated accurate relative estimates of the water column abundance of megalopae, which were not affected by predation or postlarval emigration (Moksnes and Wennhage 2001) . Although megalopal emigration from collectors can be high at night, emigration rates are not affected by densities of settlers (Moksnes et al. 2003) , and the collectors are therefore not susceptible to saturation.
Juvenile recruitment and density-dependent cannibalism.-The relationship between densities of settlers in habitat plots and larval supply (densities of settlers on collectors), and the effect of juvenile cannibals on this relationship, were assessed separately in each habitat. Linear-regression analyses were conducted between the number of settlers sampled in the predator exclusion (E ) and predator inclusion cages (I ) at the end of a 3-day trial and the mean number of accumulated settlers collected with artificial collectors dur- ing 3 days. The two cage treatments were first tested separately, followed by a test of homogeneity of the two slopes if a regression was found significant (Sokal and Rohlf 1995) . To test for density-dependent losses of settlers in the presence of conspecific predators, the mean number of settlers in the exclusion cage in each trial (E m ) was used as the independent variable in linear regressions, with the proportional loss of settlers in inclusion cages ([E m Ϫ I]/E m ) as the dependent variable. Since more than one value of Y was used for each value of X, the residual variation was separated into the variation associated with each group mean (SS w ), and the variation due to deviations from the regression (SS YX ; Sokal and Rohlf 1995) .
Juvenile recruitment and effect of local predators.-The relation between densities of settlers in uncaged habitat plots, to larval supply and densities of predators, were assessed with four regression analyses: (1) number of settlers on uncaged plots (U ) vs. number of accumulated settlers on artificial collectors over 3 days, (2) proportional loss of settlers in uncaged plots ([E m Ϫ U ]/E m ) vs. E m , (3) proportional loss of settlers vs. number of cannibalistic crabs (fourth to ninth instars) recovered from plots, and (4) proportional loss of settlers vs. number of other potential predators on settlers found on habitat plots. The two habitats were analyzed separately. The data from two replicate habitat plots were pooled, and the resulting means were used as replicates in the regressions to achieve independence of data. Apart from shore crabs, the assemblage of small epibenthic predators in the assessed bays is dominated by brown shrimp Crangon crangon L. and grass shrimp Palaemon spp., and to a lesser extent by small gobid fishes, and their density normally varies within 60-170 predators/m 2 (Moksnes 2002) .
RESULTS
Experiment 1: density-dependent intercohort cannibalism
Functional response.-Recovery rate of first-instar crabs in control treatments was 98-100%. Percentage prey eaten differed significantly among prey densities (ANOVA; F ϭ 7.1, df ϭ 4, 20, P Ͻ 0.01; Fig. 1a) . At the two lowest prey densities (2 and 6 crabs/tank), significantly lower percentages of prey were eaten (0 and 10%, respectively) than at prey density of 18 crabs/ tank (21%), which did not differ significantly from the higher prey densities (SNK test at P Ͻ 0.05). A trend of lower proportional consumption rates was seen at higher prey densities, possibly indicating saturation. This result is consistent with a type III, (sigmoid) density-dependent predator functional response, which was supported by the analysis of the shape of the curve using the general functional response model (Fig. 1b) . Estimates of the model parameters, using the mean consumption rate found at the highest prey density (7.9 prey·predator Ϫ1 ·24 h Ϫ1 ) as maximum feeding rate (K), gave a ␤ value of 1.68, suggesting a type III functional response.
Effect of cannibal densities.-Predation rates per predator differed significantly between predator densities (ANOVA; F ϭ 11.8, df ϭ 2, 12, P Ͻ 0.01; Fig.  2) . A significantly higher predation rate was found at 2 predators (3.9 prey·predator Ϫ1 ·24 h Ϫ1 ) compared with 6 and 18 predators (1.5 and 1.7 prey·predator Ϫ1 ·24 h Ϫ1 , respectively), which did not differ from each other (SNK test at P Ͻ 0.05). Proportional prey mortality did not differ significantly between 2 and 6 predators (14 and 17%, respectively), but was significantly higher at 18 predators (55%; ANOVA; F ϭ 58.2, df ϭ 2, 12, P Ͻ 0.0001; SNK test at P Ͻ 0.05; Fig. 2 ).
Experiment 2: density-dependent intracohort cannibalism
One replicate of crab density 10 was lost. The number of crabs recovered dead was low (0-3%), whereas proportional mortality of crabs varied significantly among all treatments (ANOVA; F ϭ 43.4, df ϭ 2, 8, P Ͻ 0.0001; SNK test at P Ͻ 0.05). Proportional mortality was 7%, 15%, and 36% at crab densities of 10, Ecology, Vol. 85 40, and 160 crabs/tank, resulting in 9, 34, and 103 survivals on average from each density, respectively. Proportion of recovered crabs missing a walking leg or cheliped was low and similar between treatments (7-8 %; ANOVA; F ϭ 0.15, df ϭ 2, 8, P Ͼ 0.05). Average size of surviving crabs was 4.9 mm CW, suggesting that most crabs had molted four times during the 30-day experiment.
Experiment 3: cage experiment: juvenile recruitment and density-dependent cannibalism
A significant correlation was found between larval supply (measured with artificial collectors) and densities of settlers in blue mussel habitat in predator exclusion cages. This correlation was mainly driven by data from one date with high larval supply when Ͼ1700 settlers/m 2 were collected in the mussel plots ( Fig. 3a ; Table 1 ). The high density of settlers in mussel habitats without predators indicate that initial settlement densities of shore crabs may be much higher than what is normally collected in natural habitat where predation mortality quickly reduces abundances, and also demonstrates that the high prey density used in the laboratory study (852 crabs/m 2 ) represents natural densities. The presence of cannibalistic juvenile shore crabs removed the correlation between larval supply and settlement densities by causing proportionally higher losses of settlers at high settlement densities. This resulted in a nonsignificant regression between larval supply and settlement densities in the cannibal inclusion cage, and a significantly different slope (ANOVA; F ϭ 6.7, df ϭ 1, 6, P Ͻ 0.05; Fig. 3a , Table 1 ). The linear regression between the proportional loss of settlers and settlement densities in mussels was marginally significant (0.05 Ͻ P Ͻ 0.10; Fig. 3b Notes: Results are from linear regression analyses using the number of settlers (megalopae plus first-instar crabs) collected in blue mussel and open-sand habitats provided with either a predator exclusion cage (E ) or a cannibal inclusion cage (I; 6 juvenile shore crabs) as a function of mean number of settlers caught on artificial collectors during the same 3-d period. The third column shows linear regression of proportional loss of settlers ([E m Ϫ I ]/E m ) as a function of the mean number of settlers collected in predator exclusion cages (E m ). Residuals (''Res.'') of the regression are subdivided into variance resulting from deviation from regression (dev. regr.) and from variance associated with each X (within). If not otherwise indicated, the former was used as the denominator in the F tests.
* P Ͻ 0.05; NS, P Ͼ 0.05. † Regression tested with pooled residuals and degrees of freedom. Notes: Results are from linear regression analyses using the number of settlers (megalopae plus first-instar crabs) and proportional loss of settlers in uncaged blue mussel or sand habitats (U ) as a function of number of settlers caught on artificial collectors (A), number of settlers collected in predator exclusion cages (E ), or number of predators collected uncaged habitats. Four comparisons were made: (1) number of settlers on U vs. A; (2) proportional loss of settlers ([E m Ϫ U]/E m ) vs. E m ; (3) proportional loss of settlers vs. number of fourth-through 10th-instar cannibalistic crabs in U; and (4) proportional loss of settlers vs. total number of other predators in U. Number of cannibals and number of predators were log-transformed to remove curvilinearity of slopes.
* P Ͻ 0.05; ** P Ͻ 0.01; NS, P Ͼ 0.05. a nonrandom distribution of residuals, indicating a curvilinear relationship. A power transformation (Sokal and Rohlf 1995) of the dependent variable improved the random distribution of residuals and gave a significant positive linear regression (Table 1) , demonstrating a density-dependent loss of settlers in this habitat. Because the significance of the regression was mainly caused by only two points during high larval supply (Fig. 3b) , some caution is warranted when drawing conclusions from this result. In sand, settlement densities were low and similar at all times (mean value, 39 settlers/m 2 ), and settlement did not correlate significantly with the larval supply (Fig. 3a , Table 1 ). High and density-dependent losses of settlers also occurred in this habitat, and a significant positive linear regression was found between settlement densities and proportional loss of settlers (Fig. 3b , Table 1) . Juvenile recruitment and effect of local predators.-A significant correlation between settlement densities in uncaged habitat plots and larval supply was detected in the mussel habitat, but not in sand (Table 2) . No significant effect of settlement densities on the proportional loss of settlers was found in either habitat (Fig. 4, Table 2 ). These results contrast with the results found in the exclusion and inclusion cages and suggest little density-dependent effect of the predators' functional response. However, the densities of cannibalistic crabs (fourth-ninth instars) in uncaged plots varied between trials, and were up to 10 times higher in the mussel plots later in the season when settlement was lower (Fig. 4) , which may have masked the effect of the cannibal's functional response. A significant positive relationship was found between the proportional loss of settlers and the number of cannibals in the mussel habitat (Fig. 4, Table 2 ). Analyses of other potential predators in mussels (mainly grass shrimp) showed a similar relationship between the proportional loss of settlers and the predator abundance, but the regression was not significant (Table 2) . A similar (nonsignificant) trend was seen in sand plots between proportional loss of settlers and other predators (mainly brown shrimp; Fig. 4, Table 2 ).
DISCUSSION
This study provided both laboratory and field evidence that cannibalism between juvenile shore crabs in nursery habitats can cause high and strongly densitydependent mortality at natural densities. I will argue that juvenile cannibalism between cohorts and year classes is the dominant source of early juvenile mortality in the shore crab study system, and that both the functional response and numerical effect of larger cannibals can regulate the recruitment of new cohorts within days of settlement and stabilize local population dynamics.
Functional response of cannibals
In the laboratory, juvenile cannibals displayed a density-dependent (type III) functional response, in which proportional first-instar prey mortality increased significantly from zero to 21% per 24 h as prey densities increased from 11 to 95 crabs/m 2 . A type III functional response was also indicated in the field experiment where enclosed cannibals decoupled the correlation between settlement densities in the mussel habitat and larval supply by causing significantly higher proportional losses of settlers (mean value, 74% per 3 days) at higher settlement densities. This decoupling took place within 3 days of settlement, demonstrating that recruitment regulation can occur during settlement and early benthic stages, in accordance with the results from recent field experiments on Dungeness crabs Cancer magister Dana (Eggleston and Armstrong 1995) and coral reef fish (Caselle 1999) . In sand, settlement was low at all times, but the presence of cannibals caused high and significantly density-dependent losses of settlers, suggesting that juvenile cannibals display a type III functional response also in sand habitats. The density-dependent losses of settlers were most probably caused by cannibalism and not by emigration of settlers in response to cannibals, because megalopal emigration from mussel habitats are not affected by SELF-REGULATION IN SHORE CRABS settlement densities (Moksnes et al. 2003) . Furthermore, it appears unlikely that emigration of settlers would be density dependent only in the presence of cannibals, particularly since observations made in aquaria during pilot studies indicated that megalopae did not react to the presence of a juvenile cannibal. This is supported by recent studies of blue crabs where juvenile cannibals with their chelae glued together had no significant effect on the distribution of conspecific postlarvae (Moksnes, unpublished data) . These results suggest that the functional response of juvenile cannibals is a strong and important regulatory mechanism in shore crabs, which could eliminate settlement peaks and stabilize recruitment during periods of low settlement since predation rates drop sharply at low prey densities in a type III response (Hassel 1978 , Murdoch 1979 .
Earlier laboratory studies assessing cannibalism in juvenile brachyuran crabs have not yielded consistent results regarding the functional response of the cannibal. Juvenile blue crab Callinectes sapidus Rathbun cannibals displayed a weak type III functional response to megalopal densities in eelgrass, and a type II, inversely density-dependent response on sand (Moksnes et al. 1997) . A type III functional response was indicated in juvenile cannibals of the stone crab Homalaspis plana feeding on first-instar prey in sand habitats, but the result was not significant (Fernández and Castilla 2000) . No density-dependent response was indicated in juvenile Dungeness crabs feeding on secondinstar prey in shell habitats (Fernández 1999) . However, in contrast to the present study, an alternative food source was not presented in any of the previously published studies, which may have affected the results. More studies are needed of juvenile cannibals under natural field conditions to determine if the cannibal's functional response represents an important regulating mechanism in other marine species.
Effect of cannibal densities
In the mesocosm experiment, consumption rates per cannibal decreased by Ͼ60% at the higher cannibal densities, suggesting density-dependent agonistic behaviors and mutual interference between cannibals, and first-instar prey mortality, did not increase when cannibal densities increased from 11 to 32 crabs/m 2 . This reduction in feeding rate was not caused by a depletion of the prey source and ''pseudo-interference'' (cf. Free et al. 1977) , since the remaining quantity of prey (27-45 prey/tank) was within a range of prey densities that resulted in the highest predation rates in the functional response experiment. Juvenile shore crabs display a strong defense reaction (raising the front of the body and extending the chelae) when encountering a similarsized individual (personal observation), and this behavior likely reduces predation efficiencies. However, at the highest cannibal density (95 crabs/m 2 ), feeding rate per cannibal was not further reduced, resulting in a significant increase in first-instar mortality from 16% to 55% per 24 h. Since encounter probability could be expected to increase with population density, this result indicates that juvenile shore crabs decrease their agonistic behavior after a threshold is reached in conspecific density. These findings suggest that juvenile cannibals can have a numerical effect on smaller crabs, resulting in a negative relationship between juvenile cohorts or year classes. This was supported in the field experiment, which demonstrated a significant correlation between juvenile cannibal densities and losses of settlers. In uncaged mussel plots, high densities of immigrating juvenile cannibals (202 crabs/m 2 ) caused a 96% reduction of settlers compared with the caged plots, whereas significantly lower losses of settlers (down to 3%) were found at low cannibal densities. Considering the small cage artifact demonstrated for shore crab settlers in the experimental cages Wennhage 2001, Moksnes 2002 ) most, if not all, of the missing settlers in the uncaged plots were probably eaten by predators. Juvenile cannibals were the most abundant potential predator on shore crab settlers in the assessed bays (Moksnes 2002 ) and appear to be the dominant source of settlement mortality, since the total number of all other potential predators (epibenthic shrimp and fish) did not correlate significantly to settlement loss in either habitat. These results suggest that the numerical effect of cannibals could act as an important regulatory mechanism in juvenile shore crab populations. Since the recruitment of juvenile cannibals and conspecific prey are likely both temporally and spatially coupled (i.e., a local population that generally receives a high supply of settlers will also have high numbers of cannibals), numerical effects of juvenile cannibalism should decrease recruitment variability between local populations and the correlation between larval supply and juvenile recruitment. This effect could be even stronger if juvenile cannibals aggregate on a local scale in response to patches with high conspecific prey densities. However, in juvenile shore crabs, such an aggregation is probably limited by agonistic interactions between cannibals and density-dependent emigration that occur also from patches with excess of food (Moksnes 1999) . Moreover, the cannibals' functional response appears to give conspecific prey a refuge at low prey densities also when cannibal densities are very high, as demonstrated in the field experiment where some prey crabs always survived, as well as when cannibal densities exceeded 200 crabs/m 2 . Mutual interference has been suggested to limit the regulating strength of a numerical mechanism in juvenile cannibalism (Moksnes et al. 1997 , Fernández 1999 . However, in a blue crab study (Moksnes et al. 1997) , only moderately high cannibal densities were assessed, and more recent experiments assessing higher natural cannibal densities in both the laboratory and in the field demonstrated a strong numerical effect on con-specific prey mortality (P.-O. Moksnes, unpublished data) . A numerical effect on conspecific prey mortality also occurred in a Dungeness crab experiment when cannibal densities increased above a threshold, similar to the present study (Fernández 1999) , although the author did not discuss this effect. Furthermore, a largescale field study of juvenile Dungeness crabs demonstrated that recruitment of late cohorts in artificial-shell habitats were substantially lower in habitats with high densities of juvenile cannibals (Fernández et al. 1993a) . Finally, mutual interference was not detected among juvenile stone crab cannibals feeding on smaller conspecific (Fernández and Castilla 2000) . These results suggest that a numerical cannibalistic mechanism may affect recruitment dynamics in several brachyuran crab species, particularly when juvenile cannibal densities pass a critical threshold.
Intracohort cannibalism
Mortality from intracohort cannibalism in the 30-day experiment increased significantly from 7 to 36% when first-instar crab densities increased from 53 to 842 crabs/m 2 . This increase was found even though various alternative food sources were continuously provided in excess, demonstrating that density-dependent cannibalism was not a result of food depletion, but likely a consequence of density-dependent encounter rates with conspecifics. However, mortality was not high enough to eliminate initial density patterns, and the impact of this form of cannibalism on the recruitment of shore crabs was likely small in comparison to intercohort cannibalism, which caused higher mortality in 24 h than did intracohort cannibalism in 30 days. This result is consistent with intracohort cannibalism found in growth experiments with juvenile blue crabs in seagrass habitats, which also demonstrated density-dependent, but low cannibalistic mortality (Perkins-Visser et al. 1996) . Laboratory studies with several brachyuran crab species also support the suggestion that cannibalism between similarly sized juveniles is a less important source of mortality in comparison with cannibalism between cohorts and year classes (Kurihara and Okamoto 1987 , Moksnes et al. 1997 , 2003 , Luppi et al. 2001 . Intrasize class cannibalism appears to act as a slow regulating mechanism through all juvenile stages, causing low density-dependent mortality on molting conspecifics.
Cannibalism and population regulation in juvenile shore crabs
This study demonstrates the complexity of cannibalprey interactions and the need to determine functional and numerical responses of cannibals to properly model population dynamics in cannibalistic species. In shore crabs, the juvenile interactions are made even more elaborate through effects also on growth and dispersal. Recent laboratory and field experiments demonstrated interference competition over space within mussel habitats, resulting in a density-dependent decrease in growth, and an increase in emigration from nursery habitats (Moksnes 1999) . Since predation mortality in juvenile shore crabs is both size-and habitat-specific , these density-dependent processes should have a direct effect on mortality. The combination of several strong density-dependent mechanisms operating in juvenile shore crabs at different densities and at different juvenile stages, along with the coupling of cannibal and settlement densities on a regional scale, are predicted to cause a very strong regulation of local recruitment in relation to the abundance of nursery habitats. Moreover, the interaction between these mechanisms is expected to stabilize local population dynamics. The impact of juvenile cannibalism on smaller conspecifics is mediated both by the type III functional response, mutual interference, and density-dependent dispersal of the cannibals that will reduce cannibalistic rates at both low prey and high cannibal densities, respectively, and reduce the chances of overcompensation and cyclic population fluctuations. This risk is further reduced by the dispersal of 1-group crabs from the nursery areas during the summer (see Methods: Study system). A strong year class that suppresses early cohorts the following year would consequently promote the recruitment of late cohorts after the dispersal of the dominant year class.
These suggestions were fully supported in a largescale field study that compared larval supply and recruitment patterns between local populations and years. This study showed no positive correlation between larval supply and the recruitment of juvenile shore crabs, despite a 10-fold difference in larval abundance between populations and years, but demonstrated a strong and significant correlation between the juvenile recruitment and the local abundance of nursery habitats (Moksnes 1999) . Thus, in this shore crab system there is evidence of density-dependent mortality and habitat limitation both from direct studies of the animals' behavior and from field studies at both small and large spatiotemporal scales. These results are consistent with several studies of marine crustaceans suggesting that the availability of juvenile shelter represents a demographic bottleneck for local populations (Steger 1987 , Wahle and Steneck 1991 , Beck 1997 , Butler and Herrnkind 1997 . However, the regulating mechanism creating these bottlenecks has been poorly understood. The present study is unique in demonstrating that juvenile cannibalism can be the density-dependent mechanism that creates an observed shelter bottleneck in a marine population. Because juvenile interactions and nursery habitats likely play key roles in the recruitment of shore crabs also in other areas, it is important to assess the local availability of juvenile habitats to understand and predict the population dynamics, including the spread of invasive shore crab populations.
Juvenile cannibalism may be a dominant regulating mechanism in marine organisms with open populations and shelter-dependent juvenile stages, particularly in brachyuran crabs where high rates of cannibalism among juveniles have been reported for an increasing number of species (e.g., Dungeness crab, Stevens et al. [1982] , Fernández et al. [1993a ], [1993b ], Fernández [1999 ; blue crab, Peery [1989] , Perkins-Visser et al. [1996] , Moksnes et al. [1997] ; Japanese grapsid crabs, Hemigrapsus penicillatus, Helice tridence De Haan, Kurihara and Okamoto [1987] , Kurihara et al. [1988] ; Argentinean grapsid crabs, Chasmagnathus granulata, Cyrtograpsus angulatus: Luppi et al. 2001 ; snow crab, Chionoectes opilio O. Fabricius, Lovrich and SainteMarie [1997] ; stone crab, Homalaspis plana, Fernán-dez and Castilla [2000] ). This fact seems to be largely overlooked despite the importance it may have on the population dynamics of crabs (Fernández 1999) . In juvenile shore crabs and other brachyuran crabs, cannibalism is common also when alternative food sources are abundant and appears to be part of the animals' normal foraging behavior, in contrast to many terrestrial and freshwater organisms where cannibalism is a ''lifeboat strategy'' that occurs mainly during periods of food shortage (see Polis [1981] for review). This difference may be partly due to the planktonic larval stages of crabs that ensure high dispersal of offspring, which decreases the risk that a conspecific prey is a close relative and imparts a loss of indirect fitness (cf. Brown 1980) . Instead, juveniles preying on conspecifics receive both food with optimal nutritional proportions for maximal growth, reduce competition for space and food, and eliminate a potential future predator and should consequently have higher relative fitness (cf. Krebs 1994) than those that do not cannibalize. Because of the inherited potential of cannibalism to be density dependent, shelter-dependent brachyuran crab species may be more generally regulated by postsettlement processes and limited by juvenile habitats than other, less cannibalistic epibenthic species. ACKNOWLEDGMENTS I thank Kenneth L. Heck Jr., Anson Hines, Romuald Lipcius, and Leif Pihl for critical and helpful comments on early versions of the manuscript. I also thank Christopher Roberts for providing excellent assistance in the field experiment, Ola Hedvall, Christina Degerstedt, and Sven Nilsson for their help with sorting the field samples, Jacques van Montfrans for generously providing me with ''hogs hair'' air-condition filter material, Elsina Flach for letting me borrow her cages, the staff at Kristineberg Marine Research Station for providing excellent facilities, and Leif Pihl for academic and logistic support. This research was made possible through grants from the Swedish Council for Forestry and Agricultural Research (SFAR) and World Wide Fund For Nature (WWF), ''Kungliga och Hvitfeldska ö verskottsfonden,'' ''Hierta -Retzius stipendiefond'' from the Royal Swedish Academy of Sciences, ''Birgit och Birger Wåhlströ ms minnesfond fö r den Bohuslänska havs-och insjö miljö n,'' and ''Adolf Lindgrens Stiftelse'' which are kindly acknowledged.
